This research presents a pilot study to develop and compare methods of geographic imputation for estimating the location of missing activity space data collected using geographic ecological momentary assessment (GEMA). As a demonstration, we use data from a previously published analysis of the effect of neighborhood disadvantage, captured at the U.S. Census Bureau tract level, on momentary psychological stress among a sample of 137 urban adolescents. We investigate the impact of listwise deletion on model results and test two geographic imputation techniques adapted for activity space data from hot deck and centroid imputation approaches. Our results indicate that listwise deletion can bias estimates of place effects on health, and that these impacts are mitigated by the use of geographic imputation, particularly regarding inflation of the standard errors. These geographic imputation techniques may be extended in future research by incorporating approaches from the non-spatial imputation literature as well as from conventional geographic imputation and spatial interpolation research that focus on non-activity space data.
Introduction
The role of space and place in shaping health has received increasing attention in the health and medical research community [1] [2] [3] . Researchers have argued, however, that investigating the influence of place on health should focus not simply on an individual's residential neighborhood, but on the environmental exposures that occur throughout an individual's activity space [4] [5] [6] -the routine locations an individual visits throughout his or her daily life, such as places of work or school, recreation and leisure, social interaction with friends and family, and so on [7] . Activity space is recognized as a key construct in investigations of substance use, physical activity, stress, healthy eating, exposure to air pollution, and other place-related health outcomes [8] [9] [10] [11] [12] . Research on activity space and health has been facilitated by the development and adoption of geospatial technologies, such as global positioning systems (GPS), which allows for the tracking and encoding of individual mobility, and geographic information systems (GIS), which facilitates the integration of mobility data with other spatial data capturing exposures to environmental health hazards or amenities [13, 14] .
One novel approach to capturing activity space data for studies of place and health behaviors combines GPS with ecological momentary assessment (EMA), a technique where individuals complete location); (2) the activity space data are not missing due to a failure of geocoding (i.e., there are no address data available); and (3) there is no spatial unit, such as a zip code, that constrains where the activity space point is to be estimated. Some researchers have also sought to impute missing GPS tracking data, i.e., a continuous stream of coordinate positions captured at regular time intervals, say, every 30 s, by taking a moving average of the known GPS locations [43] , but this also differs from many conventional EMA study designs, which aim to sample at random, discrete moments in time, not continuously.
The aim of the present research is to develop and compare methods of geographic imputation for estimating the location of missing activity space data collected using GEMA. We consider this a pilot study that investigates the feasibility of adapting relatively simple geographic and conventional statistical (i.e., non-geographic) imputation methods to missing GEMA activity space data, and thus paves the way for the development of more sophisticated GEMA geographic imputation research in the future. The significance of this research lies in its ability to establish a baseline approach and comparative framework for geographic imputation of activity space data, which, to our knowledge, has not been addressed in the geographic imputation or statistical imputation literatures. The present research can also shed light on related domains of activity space data analysis other than GEMA methods where missing data may be problematic.
To this end, we use data from a previously published GEMA analysis of the effect of neighborhood disadvantage, captured at the U.S. Census Bureau tract level, on momentary psychological stress among a sample of urban adolescents [17] . Here, we aim to use geographic imputation to estimate the neighborhood disadvantage for EMA observations where momentary stress is recorded, but there is no associated geographic coordinate, and thus the neighborhood disadvantage at that EMA location is unknown. By holding out portions of the original data set, we investigate the impact of listwise deletion, as well as of two different geographic imputation methods we develop, on the direct and moderated effect estimates of neighborhood disadvantage on stress.
Materials and Methods

Study Setting
Data are derived from the Social-Spatial Adolescent Study, a two-year longitudinal study of peer and environmental effects on substance use among an urban, primarily African American population of adolescents. The study follows 248 adolescents who were recruited primarily from a public adolescent medicine clinic in Richmond, Virginia between 2012 and 2014. Written informed assent was obtained from adolescents and consent was obtained from their parents prior to commencing any research activities. The Temple University, Virginia Commonwealth University, and the Richmond City Health Department's institutional review boards approved the research protocol. All participants were given a mobile phone with embedded GPS for the duration of the study. Full battery assessments collecting home address, demographic information, substance use involvement, and other measures were completed in-person at baseline and every six months thereafter. In addition, every two months following enrollment, subjects received 3-6 EMA surveys per day over a four-day period via an embedded URL link to the survey sent as a text message to their mobile phone. The EMA survey asked questions about momentary moods, behaviors, and social interactions. During the moment of the EMA survey response, their location in the form of a geographic coordinate position was collected with GPS. The data set thus comprises a set of discrete activity space locations interspersed over one year for each subject (i.e., as opposed to, say, a GPS 'track' of individual movement taken over a smaller time frame). Further details on the study and the data can be found in [44, 45] .
Measures
The present research investigates geographic imputation using the data and analyses from previously published research focusing on the association between exposure to neighborhood disadvantage and psychological stress [17] . These data were gathered in the first year of the study data collection. Of the 3882 EMA responses completed outside the home (as indicated by the subject in the EMA response), we used the 1617 for which coordinate location data were available and which occurred in the Richmond, Virginia study region, for 137 subjects (twelve EMA observations for two subjects were missing values of the stress outcome variable in the 1629 EMA observations reported in [17] ). Figure 1 shows a map of the EMA locations located in and around the city of Richmond, with location randomized within each tract to preserve privacy. The use of this data set allows us to compare various imputation techniques in the context of a published, theoretically derived statistical model of a place association with a health outcome. We focus on two particular statistical models presented in [17] . The first employs generalized estimating equations (GEE) to estimate the effect of neighborhood disadvantage on momentary stress (from the EMA) while controlling for age at enrollment (13 or 14 years), sex (male or female), race (white, African American, or other race), and substance use. Substance use was measured using the Adolescent Alcohol and Drug Involvement Scale (AADIS) [46] , a continuous scale where higher values indicate greater substance use involvement. The AADIS has favorable internal consistency (Cronbach's alpha = 0.94) and correlates highly with self-report and clinical measures of substance use (r = 0.72 and r = 0.75, respectively), and with subjects' perceptions of the severity of their own substance use problem (r = 0.79). Age, sex, race, and substance use are taken from the full battery assessment collected at baseline. Stress is measured according to the EMA survey item "How stressed out are you right now?" with possible integer values of 1 ("Not at all stressed out") through to 9 ("Very stressed out").
Neighborhood disadvantage is conceptualized as a multidimensional measure incorporating aspects of income, educational attainment, residential stability, and family composition, as has been used in previous research [17, 47] . For each EMA observation, neighborhood disadvantage is calculated based on the U.S. Census Bureau tract within which that EMA observation occurs. Tract disadvantage is calculated as ((a/10) + (b/10)) − ((c/10) + (d/10)), where a is the poverty rate, b is the percentage of female-headed households with children, c is the percentage of adults with a bachelor's degree or higher, and d is the percentage of owner-occupied housing [47] . Higher values indicate greater neighborhood disadvantage ( Figure 1 ). We calculate a measure, which we call 'relative disadvantage', which indicates whether the subject has traveled to an EMA location relatively more, or less, disadvantaged as compared to the tract where they reside. Relative disadvantage is calculated by subtracting the disadvantage measured at the subject's home location (indicated at baseline) from the momentary disadvantage (disadvantage at the EMA location). The GEE model adjusts for subject and tract level clustering using an exchangeable correlation structure. Table 1 (Model 1) shows the results of the model reported in [17] , where higher relative disadvantage is significantly associated with higher stress. Table 1 . Generalized estimating equations (GEE) models of momentary stress (n = 1617). Model 1 shows the direct effect of relative disadvantage and Model 2 shows the moderation of that effect by substance use.
Independent Variable
Model 1 We also investigate a second GEE model, which includes a test of moderation. Here, we consider whether substance use involvement moderates the association of relative disadvantage with stress, where we expect the relationship to be stronger among subjects with greater substance use. For this purpose, we add an interaction term to Model 1 composed of the product of the substance use and relative disadvantage variables. The results are reported in Table 1 (Model 2) , where the effect of relative disadvantage on stress is significantly greater for subjects with higher substance use involvement [17] .
Analytic Plan
To support our analysis, we create three new data sets in which we retain a certain percentage of the original data set's neighborhood disadvantage values and remove the rest, i.e., we 'pretend' the disadvantage values for the non-retained EMA observations are missing. For this purpose, we assigned each EMA observation a random number between 0 and 1, and then sorted them in ascending order. For the first new data set, we retained the first 50% (n = 808) of the disadvantage values, and for the second and third data sets, we retained the first 70% (n = 1131) and the first 90% (n = 1455), respectively. Thus, 50% of the disadvantage values are missing for the first data set, 30% are missing for the second data set, and 10% are missing for the third data set. The values that are set to missing are missing completely at random (MCAR) [48] .
We use these data sets to test two geographic imputation methods. Note that our aim is not necessarily to impute a specific point location for each EMA observation with a missing location value, but rather to estimate a specific census tract location, which can serve as the basis for calculating a relative disadvantage value that can then be entered into the model of stress. The first imputation method is an adaptation of the hot deck (HD) imputation technique developed for non-geographic data [49] and is somewhat similar conceptually to the random property allocation technique described in [38] . In the conventional HD approach, a random value from the known values in the data set is used to replace a missing data value. We adapt this for GEMA activity space data by replacing a missing tract value for an EMA observation with a random tract, and thus a neighborhood disadvantage value, extracted from the retained (i.e., non-missing) values in the data set. Unlike with conventional HD imputation, however, the tract drawn from the retained values is extracted from an EMA observation for the same subject, rather than a random observation from the entire data set, i.e., the activity space location is imputed using another, previously visited activity space location. The neighborhood disadvantage value for the imputed tract is then used as an estimate for all the missing neighborhood disadvantage values for that subject.
We refer to the second geographic imputation method as activity space centroid (ASC) imputation. For each subject, the centroid (point location) of the known activity space locations for that subject is calculated as the mean of the X and Y geographic coordinates from the retained, non-missing, values in the data set, such that the centroid falls in the geometric center of the subject's known EMA locations. We then retrieve the neighborhood disadvantage value of the census tract that contains that centroid, and use that as the imputed disadvantage value for all the missing disadvantage values for that subject. Note that the activity space centroid may be in a census tract for which an observed activity space location occurs in the retained values, or it may be in an entirely new tract. Thus, unlike the HD imputation, the imputed neighborhood disadvantage value may be different than any of the observed disadvantage values contained in the data. Each of the two imputation procedures, HD and ASC, is applied to the 50% retained, 70% retained, and 90% retained data sets, resulting in six imputed data sets for analysis. Finally, using the simplest approach to deal with the missing data-listwise deletion-we use only the subsets of EMA observations that were non-missing in the 50%, 70%, and 90% retained data sets.
We report descriptive statistics for the neighborhood disadvantage variable for the original data set and for each of each of the six imputed data sets. We then report the Pearson correlation between the imputed disadvantage values and the observed disadvantage values from the original data set for the imputed observations (not including the retained observations) within each data set (50% imputed, 30% imputed, and 10% imputed). Because the data are clustered by subject, we also report the association between the imputed and original observed disadvantage values using GEE (clustered by subject) by regressing the original disadvantage value on the imputed value for the six data sets of imputed observations. The original disadvantage variable coefficient indicates the degree of association after controlling for subject-level clustering.
Using the imputed disadvantage values for each of the six imputed data sets, we recalculate the relative disadvantage variable values for the imputed EMA observations, and then re-fit Model 1. We also re-fit Model 1 to each of the three listwise-deleted data sets. We compare the resulting coefficients of the relative disadvantage variable derived using the six imputed and three listwise-deleted data sets to those from the original data set presented in Model 1 ( Table 1) . We then repeat the procedure applied to Model 1 to compare the coefficients of the moderating variable to those presented in Model 2 ( Table 1 ). All procedures were carried out in ArcGIS (ESRI, Inc., Redlands, CA, USA) and SPSS (IBM, Inc., Armonk, NY, USA).
Results
Descriptive Statistics
The original data set contains 1617 EMA observations for 137 subjects, with a mean of 12 EMA observations per subject. However, the number of EMA observations varies widely among subjects, from 1 to 54. Table 2 shows the descriptive statistics for the original observed neighborhood disadvantage variable and the imputed disadvantage variable in each of the six imputed data sets. Note that the minimum and maximum values are identical for all data sets, but the mean and standard deviation vary. The number of valid N (number of EMA observations) and number of subjects also varies. This is because for a handful of subjects with low numbers of EMA observations available, there are not any EMA observations in the retained portion of the data set that can be used in the HD or ASC imputation procedures. This is the case for 10 subjects with 16 EMA observations in the 50% retained data set, and for five subjects with eight EMA observations in the 70% retained data subset. In addition, the ASC imputation resulted in one imputed activity space location in a census tract with a zero population; thus, the disadvantage value for this EMA observation could not be imputed. Not surprisingly, the mean values for the 50% retained data set depart the most from the original observed disadvantage mean due to the larger percentage of missingness. The HD imputations maintain standard deviation values more similar to that of the original data as compared to the ASC imputations, particularly for data sets with a greater proportion of missing data. Table 2 . Descriptive statistics for observed and imputed neighborhood disadvantage using different imputation methods and for different data sets (HD = hot deck imputation; ASC = activity space centroid imputation; and 50%, 70%, and 90% refer to the percentage of the data retained versus imputed).
Variable
Valid 
Correlation of Observed and Imputed Neighborhood Disadvantage for Different Imputation Methods
Here, we report Pearson r correlations of the original, observed disadvantage with the imputed disadvantage values for subsets of the data that were imputed (not including the retained data). For the 50% imputed data subset, r = 0.25 and r = 0.34 for the HD (n = 793) and ASC (n = 793) imputation methods, respectively. For the 30% imputed data subset, r = 0.38 (n = 478) and r = 0.33 (n = 477), for HD and ASC respectively. For the 10% imputed data subset, r = 0.32 (n = 159) and r = 0.53 (n = 158), for HD and ASC respectively. All correlations are significant at p < 0.005. Results of the GEE of observed disadvantage regressed on imputed disadvantage, controlling for clustering by subject, are reported in Figure 2 . When adjusted by subject-level clustering, ASC tends to outperform HD imputation across all three imputed data sets, though the difference is modest for the 50% and 30% imputed data sets. Figure 3 shows the results of Model 1 applied to the original data compared to the listwise deletion approach, in which the model is applied to 50%, 70%, and 90% of the EMA observations retained from the original data set. The relative disadvantage coefficient value is shown, along with 95% confidence intervals. Not surprisingly, a greater percentage of missing data results in larger departures of the coefficient value from that derived from the original data set. When 50% of the values are missing, the resulting estimate departs from the original coefficient estimate by approximately one third. Results for the imputed data sets for Model 1, GEE coefficients of the effect of relative disadvantage on momentary stress. Coefficients are reported for the original data set (100% retained) and for each imputation technique (hot deck (HD) or activity space centroid (ASC)) applied to different percentages of the retained observations (50% retained (50% imputed), 70% retained (30% imputed), and 90% retained (10% imputed)). Circle markers represent coefficient values; whiskers represent 95% confidence intervals. All coefficients are significant at p < 0.005.
Comparison of Model 1 GEE Relative Disadvantage Coefficients between the Original Data Set and the Listwise Deletion and Imputed Data Sets
Comparison of Model 2 GEE Moderator Coefficients between the Original Data Set and the Listwise Deletion and Imputed Data Sets
Figures 5 and 6 present results analogous to those presented in Figures 3 and 4 , but for the coefficient estimate for the moderator variable (substance use X relative disadvantage) in Model 2. In the results for the listwise deletion comparisons (Figure 5 ), the coefficient values are relatively stable across the different data subsets, but the coefficient for the 50% data subset changes in significance from p < 0.005 to p < 0.01 and, notably, the confidence intervals are substantially larger due to the substantial reduction in sample size. Results for the listwise deletion data sets for Model 2, GEE coefficients of the effect of the moderator variable (relative disadvantage X substance use) on momentary stress. Coefficients are reported for the original data set (100% retained) and for each data subset-50% retained, 70% retained, and 90% retained subsets of the original data set. Circle markers represent coefficient values; whiskers represent 95% confidence intervals. Marker fill indicates coefficient significance, where dark gray is p < 0.005 and light gray is p < 0.01. Figure 6 . Results for the imputed data for Model 2, GEE coefficients of the effect of the moderator variable (relative disadvantage X substance use) on momentary stress. Coefficients are reported for the original data set (100% retained) and for each combination of imputation technique (hot deck (HD) or activity space centroid (ASC)) applied to different percentage retained data sets (50% retained (50% imputed), 70% retained (30% imputed), and 90% retained (10% imputed)). Circle markers represent coefficient values; whiskers represent 95% confidence intervals. Marker fill indicates coefficient significance, where dark gray is p < 0.005, light gray is p < 0.01, and white is p < 0.05.
In Figure 6 , which compares results across the six different imputed data sets, substantial differences are observed. The coefficient significance is reduced to p < 0.05 for the 50% retained and 70% retained HD imputed data sets, and to p < 0.01 for the 50% retained ASC imputed data set due to the wider confidence intervals. For both the 50% and 70% retained data sets, the ASC imputed coefficient value is nearer to the original coefficient value as compared to the HD imputation. When only 10% of the data are missing, both imputation methods recover the estimate and its variability from the original data.
Discussion
To the best of our knowledge, this research represents the first study to develop and compare methods for geographic imputation of missing activity space data derived from GEMA. While we consider this a pilot study that implements relatively simple imputation techniques on a single empirical data set, this research provides a proof of concept for how geographic imputation methods can be adapted for GEMA activity space data and other activity space data generated from similar study designs. Our results suggest that geographic imputation can be used effectively to estimate the location of missing GEMA activity space data in studies of place effects on health.
In our analyses, we found that listwise deletion of missing activity space data, particularly at levels of 50% and 30% missing data, can bias estimates of place effects on health, in the present case, the effect of relative disadvantage on momentary stress. Listwise deletion changed the magnitude, significance, and/or standard errors of the relative disadvantage coefficient, particularly for 50% missingness and when estimating the significance and standard errors of the moderated effect. These impacts were ameliorated to some extent by using geographic imputation, particularly in mitigating the inflation of the standard errors, though results were more variable regarding the moderation effects. We found that ASC imputation generally outperformed HD imputation, though the difference was relatively modest.
We acknowledge several limitations. Our analysis focused on a single empirical GEMA data set gathered from a study of neighborhood disadvantage, substance use, and psychological stress among a sample of urban adolescents. The generalizability of our findings to other data sets and analytical contexts is unknown. We also used only one random draw to distinguish between retained and deleted observations to test our imputation methods. A more robust approach would repeat the analysis multiple times using different randomly drawn retained and deleted observations. Further, we note that our description focuses on the imputation of the census tracts that contain the missing EMA locations, rather than the imputed activity space points themselves. However, this is for the purpose of testing the effects of imputation on the regression models; the HD and ASC imputation methods could just as easily be used to estimate the missing EMA locations at the point level by selecting the coordinate positions from the known EMA locations rather than the tract identifier.
We also acknowledge that there may be bias regarding which observations are missing. Many simple imputation procedures, including the ones developed in the present research, are themselves susceptible to bias when observations are not missing completely at random (MCAR) or missing at random (MAR) [48] . While this issue is germane to any study employing survey data, it is likely to be particularly problematic in GEMA, where individuals may be hesitant to reveal their location in studies of sensitive health behaviors, such as substance use or sexual behavior [50, 51] . Indeed, individuals may purposively hide their location in certain situations. We should also note that the original EMA data contains extensive missing data; thus, the data set used to test the sensitivity of the listwise deletion and geographic imputation methods is itself potentially prone to these same issues of missing data.
It is also possible that missing location data may occur more often in certain environments, such as densely developed urban areas or indoors, where the GPS signal is more likely to be physically blocked. Notably, the limited research on this topic, including our own, has not found any substantial associations between the demographic characteristics of the subject or the environmental conditions of the location of data capture with the spatial accuracy or missingness of the EMA location data [21, 42] , though further research is certainly warranted. In future geographic imputation research, it may be useful to stratify the deleted observations by the environmental characteristics (e.g., by land use or degree of urbanization) of where the EMA location occurs, to investigate consequences of excluding EMA locations from certain types of environments.
The HD and ASC geographic imputation methods we developed for this pilot study are relatively simple and may be improved. First, the methods are 'fixed' or deterministic in the sense that they assign a single location to all missing activity space observations for each subject. This has the result of clustering all missing data at one location for each subject. One could introduce a stochastic element to geographic imputation [34, 37, 40] , where, for instance, for each of a subject's missing activity space locations, the HD imputation would randomly draw a new imputed location from the subject's set of known locations, rather than 'reuse' a single imputed location. With this approach, locations visited more often would be more likely to be selected. Or, for the ASC imputation, instead of estimating all of a subject's missing activity space locations to occur at the centroid of the known EMA locations, one could model the likelihood of the missing location occurring at a given location as a function of the distance to the centroid, generating a point cloud of estimated locations for missing activity space data dispersed around the centroid. This may address the issue of the centroid occurring in a tract outside the sample of known EMA locations. It may also be useful to exclude subjects with low numbers of known EMA locations to begin with, for instance, those subjects with less than five known EMA locations, thus ensuring an adequate sample of locations from which to base the imputation.
The geographic imputation methods described here could also be extended to model-based and multiple imputation approaches [30] [31] [32] [33] . For example, a regression equation could be developed for each subject that estimates the likelihood that a particular tract (or other spatial encoding) contains a missing activity space point based on the distance of the tract to the subject's home, the age and sex of the subject, and other characteristics of the individual. It may also be useful to incorporate the temporal component of the EMA data, such as the time of day or day of the week that the EMA response occurred, as the daily and weekly rhythms of life make it more likely for individuals to travel to certain locations on, say, weekdays versus weekends or mornings versus evenings. Such a model could also be improved by incorporating spatial and temporal dasymetric methods [52] , where spatial partitions, such as land use or neighborhood socioeconomic characteristics, and temporal partitions, such as weekday/weekend divisions, can be used to further refine the model, as has been used with spatial data in previous geographic imputations of residential addresses [34, 41, 42] . This approach would yield a surface of the spatial distribution of the likelihood of a particular missing activity space location occurring, which could be used to stochastically generate a set of imputed values for each missing activity space location, which could in turn be used to generate a distribution of model coefficients that could then be pooled, as in conventional multiple imputation.
Conclusions
Health researchers utilizing GEMA or related approaches to collecting activity space data should be aware of the issue of missing location data and its impact on statistical analyses of place effects on health behaviors and outcomes. Geographic imputation can be used to estimate missing activity space locations and thus maintain statistical power and reduce bias in estimates of coefficients and standard errors in models of direct and moderated effects. The present pilot study provides an empirical example of both the impact of listwise deletion on analytical results and the implementation of two simple geographic imputation techniques adapted for GEMA activity space data. These geographic imputation techniques may be extended in future research by incorporating approaches from the non-geographic imputation literature as well as from conventional geographic imputation and spatial interpolation research that focus on non-activity space data. 
